Investigations are carried out and obtained experimental and theoretical data for tantalum scrap recycling by electron beam melting (EBM) is presented in this paper. Different thermal treatment process conditions are realized and results are discussed. A chemical analysis is performed and refining mechanisms for electron beam (EB) refining of Ta are discussed. For the performed experiments the best purification of Ta (99.96) is obtained at 21.6 kW beam power for a melting time of 3 min. A statistical approach is applied for estimation of the material losses and the liquid pool characteristics based on experimentally-obtained data. The aim is to improve the EBM and choosing optimal process conditions, depending on the concrete characteristic requirements. Model-based quality optimization of electron beam melting and refining (EBMR) processes of Ta is considered related to the optimization of the molten pool parameters, connected to the occurring refining processes, and to minimal material losses. Optimization of the process of EBM of Ta is based on overall criteria, giving compromised solutions, depending on the requirements concerning the quality of the performed products. The accumulated data, the obtained results, and the optimization statistical approach allow us to formulate requirements on the process parameters.
Introduction
Electron beam melting (EBM) has been widely used as an established physical method for melting and refining of materials [1] [2] [3] [4] [5] [6] [7] [8] . It assures a superior level of refining and a high level of flexibility of the e-beam heat source (high energy density). This technology is mainly used for melting and refining of refractory and reactive metals, such as tantalum [9, 10] , niobium [6, 11] , ruthenium [12] , molybdenum [13] , iridium [14] , vanadium, titanium [7, [15] [16] [17] , etc., and their alloys. This method plays an important role in the production of ultrapure sputtering target materials and electronic alloys [9, 12] , in metal regeneration from waste products [3, 18] , in the metallurgical-grade silicon purification for the photovoltaic industry [8, [19] [20] [21] , etc.
Each one of these materials (including the refractory metals) is made in a unique way. In previous applications or processing the metals were enriched with impurities, so the selective removal of the contaminants from the used metals is crucial [22] . The aim of the e-beam refining process is the superior refining level of gases, metals, and non-metal inclusions. As a result of this, there is a need to look for specific technological schemes for e-beam refining for different initial resources and for each particular furnace.
A thorough knowledge of the heat transfer and refining processes is needed for the successful application of EBM, for the optimization of the technology, and for the improvement of the quality of the obtained pure metal. The researchers, developing certain technologies, constantly deal with the problem of in-depth knowledge and understanding of the limiting processes and factors, which define the geometry of the molten pool, the temperature field distributions in the material, and the behaviour of the metals and their alloys during the refining process. Real-time information and measurements, especially in the liquid metal pool are difficult to acquire and the complexity of e-beam melting and refining makes the process control particularly challenging [23] . Therefore, theoretical investigation and application of different approaches-numerical, statistical, heuristic, etc. [4, 18, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] -are essential for the understanding and optimization of e-beam melting and refining technology. Consequently, modeling and mathematical optimization of the process parameters are important and key to improving the quality of the obtained pure metal, depending on the concrete characteristic requirements.
Stationary, quasi-stationary, or non-stationary heat transfer models and the numerical study of complex processes at the interaction of intensive electron beams with materials have been reported for different e-beam melting techniques developed to meet some specific requirements [25] [26] [27] [28] [29] 31, 33] . Investigation aided by an e-beam button furnace and a numerical model for studying the electron beam melting of Al (rich)-Ti solids in liquid titanium are presented in [34] . A numerical method concerning the investigation of the removal of volatile impurities in molten silicon by e-beam melting is presented in [35] . For e-beam melting, optimization criteria related to the geometry of the molten pool for improvement of the quality of the obtained pure metals and optimization problems are proposed [25, 30, 32] , while a heuristic approach is used for the investigation of the flatness of the crystallization front in [37] . For the optimization of EBM process parameters for titanium a statistical approach is applied [18] and, in [38] , optimum process parameters, obtained from thermal equilibrium calculation and evaporation loss control of e-beam melting of tungsten, are shown.
Investigations are carried out and experimental and theoretical data dealing with the relation of process parameters and the removal of impurities in tantalum recycling by e-beam melting in a vacuum is presented in this paper. Different technological regimes (different power inputs and heating times) are realized and results are discussed. Process conditions for electron beam (EB) melting of tantalum are investigated, applying a statistical approach and the data and dependencies concerning the liquid pool variation, material losses, etc., are, thus, obtained. Model-based quality optimization of the electron beam melting and refining process (EBMR) of tantalum is considered related to the optimization of the molten pool characteristics, connected to the occurring refining processes and to minimal material losses.
Experimental Investigation of EBMR of Tantalum
The experiments were performed in the ELIT-60 electron beam furnace (Leybold GmbH, Cologne, Germany, Institute of electronics at the Bulgarian Academy of Sciences (IE-BAS), Sofia, Bulgaria) with capacity 60 kW and accelerating voltage of 24 kV in the laboratory "Physical problems of electron beam technologies", IE-BAS. The e-beam installation ELIT-60 is composed of the melting chamber, one electron gun (the heating source), vacuum system, and feeding and extraction system (the molten material solidified in the water-cooled copper crucible)- Figure 1 . The vacuum system is made of double sets of a rotary pump, an oil-diffusion pump for maintaining an operation pressure in the melting chamber about 5-8 × 10 −3 Pa, and one turbo-molecular pump, set for the electron gun. Experiments for tantalum regeneration from waste products were conducted using the ELIT 60 installation. Discarded capacitors from electronic circuits, anodes, grids, and other elements after compacting in the form of disks with a diameter of 50 mm and a height of 20 mm were the source (initial) material for e-beam melting of Ta. Chemical analysis of the samples was conducted before and after EBMR was performed by using emission spectral analysis. The purity of the initial material was Ta 99.8% and the concentration of each of the controlled metal impurities (W, Mn, Nb, Cr, Ce, K, Na, Al, Mo, Fe, As) was less than 650 ppm.
The EBMR experiments of the "disk melting method" type (the sample is situated in the crucible and the central part of disk top surface is heated by the electron beam) were performed for Ta and different technological regimes (conditions) were realized ( Figure 1a ). The investigation is carried out and attention is paid to the influence of the EBM process parameters of the electron beam power (Pb) and melting time (τ) on the refining processes. The experiments were conducted for the following values of the e-beam power and the refining time: Рb = 18, 20, and 21.6 kW and τ = 2, 3, 7, and 20 min (Table 1) . Data for the overall concentration of all of the impurities of the sample after e-beam melting for each technological regime of refining is presented in Table 2 . The results show that, for the performed experiments, the best purification of Ta (99.96) is obtained during prolonged melting with low electron beam power (τ = 20 min and Pb = 18 kW) or during short refining with higher beam power (τ = 3 min and Pb = 21.6 kW). For these regimes the overall removal efficiency η = 80% (removal efficiency of all the impurities of the sample) was achieved. Pb/τ 0 min 2 min 3 min 7 min 20 min 18 kW 0.1822% 0.0867% 0.0547% 0.0479% 0.0404% 20 kW 0.1822% 0.0773% 0.0534% 0.0435% 0.0433% 21.6 kW 0.1822% 0.0403% 0.0374% 0.038% 0.0475%
The reaction of the base metal and of its impurities with oxygen can be presented by equations shown in Table 3 . The conditions for the reactions' execution and for thermodynamic equilibrium of Experiments for tantalum regeneration from waste products were conducted using the ELIT 60 installation. Discarded capacitors from electronic circuits, anodes, grids, and other elements after compacting in the form of disks with a diameter of 50 mm and a height of 20 mm were the source (initial) material for e-beam melting of Ta. Chemical analysis of the samples was conducted before and after EBMR was performed by using emission spectral analysis. The purity of the initial material was Ta 99.8% and the concentration of each of the controlled metal impurities (W, Mn, Nb, Cr, Ce, K, Na, Al, Mo, Fe, As) was less than 650 ppm.
The EBMR experiments of the "disk melting method" type (the sample is situated in the crucible and the central part of disk top surface is heated by the electron beam) were performed for Ta and different technological regimes (conditions) were realized ( Figure 1a ). The investigation is carried out and attention is paid to the influence of the EBM process parameters of the electron beam power (P b ) and melting time (τ) on the refining processes. The experiments were conducted for the following values of the e-beam power and the refining time: P b = 18, 20, and 21.6 kW and τ = 2, 3, 7, and 20 min (Table 1) . Data for the overall concentration of all of the impurities of the sample after e-beam melting for each technological regime of refining is presented in Table 2 . The results show that, for the performed experiments, the best purification of Ta (99.96) is obtained during prolonged melting with low electron beam power (τ = 20 min and P b = 18 kW) or during short refining with higher beam power (τ = 3 min and P b = 21.6 kW). For these regimes the overall removal efficiency η = 80% (removal efficiency of all the impurities of the sample) was achieved. The reaction of the base metal and of its impurities with oxygen can be presented by equations shown in Table 3 . The conditions for the reactions' execution and for thermodynamic equilibrium of the system are defined by the laws of the chemical thermodynamics. According to the thermodynamics laws each of the reactions takes place simultaneously if, at the EBMR conditions (high temperature and vacuum), the requirement ∆F < 0, concerning the value of free energy ∆F, is satisfied. Table 3 shows the values of free energy (∆F) at a vacuum pressure of 10 −3 Pa, and taking into consideration the working temperatures and atmospheric pressure (∆F • ). From the thermodynamics point of view the chemical interactions for the studied metals will be executed in the vacuum conditions in the direction of the dissociation of the metal oxides (Table 3) . Depending on the thermodynamic melting conditions and on the removed components, the metal refining could be realized through one of the following two purification methods: (i) degassing-removal of components with vapor pressure p i , which is higher than the vapor pressure of the re-melted base metal p Ta , i.e., p i > p Ta ; (ii) distillation-evaporation of more volatile compounds of the metallic components. In Figure 2 values of the partial pressures of tantalum and the controlled metal components, at EBMR conditions, are shown. At the conditions of e-beam melting the inequality p i > p Ta is satisfied for all controlled components (the vapor pressure values for the impurities are significantly greater-more than two orders than the pressure of the re-melted base metal) and their refining is realized through the evaporation of these impurities from the reaction surface. the system are defined by the laws of the chemical thermodynamics. According to the thermodynamics laws each of the reactions takes place simultaneously if, at the EBMR conditions (high temperature and vacuum), the requirement ΔF < 0, concerning the value of free energy ΔF, is satisfied. Table 3 shows the values of free energy (ΔF) at a vacuum pressure of 10 −3 Pa, and taking into consideration the working temperatures and atmospheric pressure (ΔF°). From the thermodynamics point of view the chemical interactions for the studied metals will be executed in the vacuum conditions in the direction of the dissociation of the metal oxides (Table 3) . Depending on the thermodynamic melting conditions and on the removed components, the metal refining could be realized through one of the following two purification methods: (i) degassing-removal of components with vapor pressure pi, which is higher than the vapor pressure of the re-melted base metal pTa, i.e., pi > pTa; (ii) distillation-evaporation of more volatile compounds of the metallic components. In Figure 2 values of the partial pressures of tantalum and the controlled metal components, at EBMR conditions, are shown. At the conditions of e-beam melting the inequality pi > pTa is satisfied for all controlled components (the vapor pressure values for the impurities are significantly greater-more than two orders than the pressure of the re-melted base metal) and their refining is realized through the evaporation of these impurities from the reaction surface. Refining processes take place mainly at the molten metal/vacuum interface where heterogeneous reactions simultaneously occur. Multiple phenomena, such as the removal rate from the surface, the matter velocity towards the interface surface, the chemical reactions, the conditions concerning the heat transfer, etc., taking place at this interface influence the overall rate of reactions. The rate of some processes, such as degassing, evaporation of volatile components, reduction, etc., at given conditions can become so low that it limits the overall refining process. Actual liquid surface-to-liquid volume ratio controls the limitations of the removal of impurities by (i) evaporation from the liquid metal surface and (ii) mass-transport processes through the liquid pool to the top of the ingot, crystallizing in the water-cooled crucible. In order to define the process which limits the refining process, the criterion [40, 41] : C S,i /C V,i = k diff,i /(k diff,i + k ev,i ) for the controlled impurities is used, where C S,i is the concentration of a specific impurity at the liquid metal pool/vacuum interface, C V,i is the concentration of a specific impurity in the molten metal volume, k diff,i and k ev,i are the kinetic coefficients of diffusion and evaporation, respectively.
The controlled impurities form two groups based on the used criterion for defining the process, which limits the refining of each of the controlled impurities. The detailed analysis shows that for some of the impurities, such as W (Table 4) , Mn, Nb, Cr, Ce, K, and Na, their concentration in the molten metal volume (C V,i ), measured after EBMR, is approximately equal to their concentration (C S,i ) at the liquid metal pool/vacuum reactive interface (the difference between C V,i and C S,i is in the range of the chemical analysis error concerning the concentration of the metal impurities. i.e., 10 ppm). This means that k diff,i >> k ev,i , i.e., the process is kinetics-limited and the refining depends on the evaporation of the impurity. For these impurities the defining reaction for the refining is the evaporation of the metal impurity from the molten metal/vacuum reactive interface. The refining strongly depends on the temperature of overheating of the liquid pool (respectively, the e-beam power). The influence of the refining time is greater when it comes to the lower e-beam powers (P b = 18 kW), when the temperature at the top surface of the liquid metal pool is lower and the evaporation is not as intense. When heating with beam power P b ≥ 20 kW the refining takes place mainly during the first three minutes, after which the refining processes slow down and even a relative concentration increase in the final chemical composition is possible for some of those impurities (such as Mn, Nb). Table 4 . Tungsten concentration in the molten volume (C V,W ) and at the top surface of the liquid pool (C S,W ) depending on the beam power and refining time of the EBM of Ta. The results presented in Table 4 show that the concentrations of W in the volume (C V,W ) and at the liquid metal pool/vacuum interface (C S,W ) are approximately the same under every one of the regimes, i.e., the rate of evaporation of W from this interface, which depends on the temperature, is defining the refining process rate. When increasing the e-beam power (and, respectively, the temperature), the concentration of W in the refined metal decreases 10 times, reaching up to 10 ppm at 21.6 kW beam power and 20 min melting time. The residence times in the liquid metal pool also influences the tungsten removal. For these impurities (W, Mn, Nb, Cr, Ce, K, Na), for which the evaporation from the interface liquid metal pool/vacuum is a limiting process, the temperature and the area of the evaporation surface are very important. Maximal removal of tungsten (as a representative of these impurities with highest initial concentration C 0,W = 100 ppm) is obtained for the prolonged heating time (τ = 20 min) and at high beam power (P b = 21.6 kW).
Impurity
For the other investigated metal impurities, such as Al (Table 5) , Mo, Fe, and As, the measured concentrations (after refining) in the liquid pool volume (C V,i ) and those on the reaction interface (C S,i ) are very different. The concentration measured in the volume of the molten metal is higher C V,i >> C S,i and the difference between them is approximately one order (Table 5 ), i.e., k diff,i << k ev,i , the process is diffusion-limited and the refining depends on the mass transfer from the volume to the surface of the pool. This shows that the slower process is the mass transfer from the volume to the surface of the pool, which makes it defining for the refining of those impurities. Their rate of refining depends to a large extent on the liquid pool geometry. Table 6 shows the dependencies between the height of the molten pool h melt (evaluated after metallographic analysis of the samples) and the melting time and the beam power. The value of the pool height h melt increases with increasing the e-beam power.
One can see stable values of h melt between the third and the seventh minute of refining when using lower beam powers, after which h melt increases rapidly with time until the 20th minute. These changes in the liquid pool make it harder for the movement of these impurities (Al, Mo, Fe, and As) from the volume to the liquid metal pool/vacuum interface. Due to this, with the increase of the beam power and with the increase of the molten pool height, the refining process and the removal of these metal impurities (Al, Mo, Fe, and As) become harder. The removal of impurities, such as Al, Mo, Fe, and As, the refining of which is limited by the mass transfer from the volume to the liquid metal pool/vacuum interface, depends most of all on the geometry of the liquid pool and on the melting time. For Al (as a representative of these impurities with highest initial concentration C 0,Al = 700 ppm), maximal removal efficiency of Al is seen at P b = 20 kW and τ = 20 min. Table 5 . Aluminum concentration in the molten volume (C V,Al ) and at the top surface of the liquid pool (C S,Al ) depending on P b and τ of the e-beam melting of Ta. 

Results of the Statistical Approach for the Optimization of the EBMR of Ta
A statistical approach is applied for the estimation of the material losses and parameters characterizing the molten pool (molten volume, area of the liquid pool/vacuum reaction interface, height of the pool) based on experimentally-obtained data.
Data for the weight of the initial and the obtained samples are used for estimation of the material losses W loss (g), which are mainly due to evaporation (of contaminants and of the base metal), and they also occur due to splashes during the e-beam melting. A regression model is estimated by the following relation: where x 1 and x 2 are the coded values of parameters z i (P b and τ). The relation between the coded (x i ) and the natural values (z i ) is given by:
where z i,min and z i,max are the corresponding minimal and maximal values of the process parameters concerning the conducted experiments ( Table 1) . The values of the determination coefficients R 2 and adjusted R 2 (adj) -the square of the multiple correlation coefficients, which are measures for the model accuracy (the closer these values are to 100% , the better the model is)-are: R 2 = 97.7% and R 2 (adj) = 95.8%. The estimated model is good for prognostication and can be used for process parameter optimization. Figure 3 shows the contour plot of material losses, depending on both the process parameters: the beam power P b and the refining time τ. Areas with minimal material losses are seen at: τ < 4 min and P b < 19 kW or P b > 21 kW for the investigated regions of the process parameters (Table 1) . 
Data for the weight of the initial and the obtained samples are used for estimation of the material losses Wloss (g), which are mainly due to evaporation (of contaminants and of the base metal), and they also occur due to splashes during the e-beam melting. A regression model is estimated by the following relation: where x1 and x2 are the coded values of parameters zi (Pb and τ). The relation between the coded (xi) and the natural values (zi) is given by:
where zi,min and zi,max are the corresponding minimal and maximal values of the process parameters concerning the conducted experiments ( Table 1) .
The values of the determination coefficients R 2 and adjusted R 2 (adj)-the square of the multiple correlation coefficients, which are measures for the model accuracy (the closer these values are to 100% , the better the model is)-are: R 2 = 97.7% and R 2 (adj) = 95.8%. The estimated model is good for prognostication and can be used for process parameter optimization. Figure 3 shows the contour plot of material losses, depending on both the process parameters: the beam power Pb and the refining time τ. Areas with minimal material losses are seen at: τ < 4 min and Pb < 19 kW or Pb > 21 kW for the investigated regions of the process parameters (Table 1 ). Regression models are also estimated for the following parameters concerning the molten pool and connected to the refining efficiency: the molten pool height hmelt (mm), the molten pool volume V (cm 3 ), and the diameters d1 (mm) and d2 (mm) of the molten pool ellipse on the top ingot surface. The models and the values of the determination coefficients R 2 and adjusted R 2 (adj) are shown in Table 7 . The estimated dependencies of the pool parameters hmelt, V, d1, and d2 on the EBM process parameters Pb and τ are presented in Figures 4-7 . It can be seen that the area with maximal liquid pool volume Regression models are also estimated for the following parameters concerning the molten pool and connected to the refining efficiency: the molten pool height h melt (mm), the molten pool volume V (cm 3 ), and the diameters d 1 (mm) and d 2 (mm) of the molten pool ellipse on the top ingot surface. The models and the values of the determination coefficients R 2 and adjusted R 2 (adj) are shown in and the corresponding ranges for the beam power and melting time coincide with the ones with maximal material losses. Optimal solutions that compromise for the chosen criteria of maximal molten volume, maximal area of the liquid pool/vacuum reactive interface and minimal material losses at the same time for Ta refining should be found. Table 7 . Regression models for the molten pool height hmelt, the molten pool volume V, and the diameters d1 and d2 of the liquid pool ellipse at the top sample surface. and the corresponding ranges for the beam power and melting time coincide with the ones with maximal material losses. Optimal solutions that compromise for the chosen criteria of maximal molten volume, maximal area of the liquid pool/vacuum reactive interface and minimal material losses at the same time for Ta refining should be found. Table 7 . Regression models for the molten pool height hmelt, the molten pool volume V, and the diameters d1 and d2 of the liquid pool ellipse at the top sample surface. The first optimization task was formulated to simultaneously support the following conditions concerning the refining process efficiency: minimal material losses, maximal molten volume, minimal pool height, and the maximal liquid pool/vacuum reaction interface (maximal values of d1 and d2). Such compromising Pareto-optimal solutions can be found at different parameter values. Table 8 shows some of the possible estimated solutions. One can make a choice among them by taking some other criteria into consideration, such as the minimal refining time, choosing more important parameters characterizing the molten pool, or another additional criterion. If the optimization requirements deal with only two of the characteristics, e.g., minimal material losses (Wloss) and maximal pool volume (V), a group of Pareto-optimal solutions, forming the so called Pareto-front, are obtained and are shown in Figure 8 . Some of the obtained Pareto-optimal solutions and the corresponding EBM process conditions are presented in Table 9 . The obtained results show that, for the investigated regimes, the estimated models and relations can be utilized for improvement of EBMR in different ways by specifying characteristic requirements that support the The first optimization task was formulated to simultaneously support the following conditions concerning the refining process efficiency: minimal material losses, maximal molten volume, minimal pool height, and the maximal liquid pool/vacuum reaction interface (maximal values of d1 and d2). Such compromising Pareto-optimal solutions can be found at different parameter values. Table 8 shows some of the possible estimated solutions. One can make a choice among them by taking some other criteria into consideration, such as the minimal refining time, choosing more important parameters characterizing the molten pool, or another additional criterion. If the optimization requirements deal with only two of the characteristics, e.g., minimal material losses (Wloss) and maximal pool volume (V), a group of Pareto-optimal solutions, forming the so called Pareto-front, are obtained and are shown in Figure 8 . Some of the obtained Pareto-optimal solutions and the corresponding EBM process conditions are presented in Table 9 . The obtained results show that, for the investigated regimes, the estimated models and relations can be utilized for improvement of EBMR in different ways by specifying characteristic requirements that support the The first optimization task was formulated to simultaneously support the following conditions concerning the refining process efficiency: minimal material losses, maximal molten volume, minimal pool height, and the maximal liquid pool/vacuum reaction interface (maximal values of d 1 and d 2 ). Such compromising Pareto-optimal solutions can be found at different parameter values. Table 8 shows some of the possible estimated solutions. One can make a choice among them by taking some other criteria into consideration, such as the minimal refining time, choosing more important parameters characterizing the molten pool, or another additional criterion. If the optimization requirements deal with only two of the characteristics, e.g., minimal material losses (W loss ) and maximal pool volume (V), a group of Pareto-optimal solutions, forming the so called Pareto-front, are obtained and are shown in Figure 8 . Some of the obtained Pareto-optimal solutions and the corresponding EBM process conditions are presented in Table 9 . The obtained results show that, for the investigated regimes, the estimated models and relations can be utilized for improvement of EBMR in different ways by specifying characteristic requirements that support the process of refining of tantalum. One can see that the minimal material losses are observed for the following regime conditions: P b = 18.10 kW, τ = 2.16 min (regime 1, Table 8 ), which are also energy-saving (low e-beam power and short refining time) and the purity of Ta is 99.93%. If this purification is enough for some applications, these process parameters can be chosen as optimal conditions according to the additional criteria. In addition, these regime conditions (regime 1, Table 8 ) are also optimal taking into consideration the criterion concerning minimal liquid pool depth (h melt ), which is connected with obtaining dendrite structure without defects after electron beam melting.
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process of refining of tantalum. One can see that the minimal material losses are observed for the following regime conditions: Pb = 18.10 kW, τ = 2.16 min (regime 1, Table 8 ), which are also energy-saving (low e-beam power and short refining time) and the purity of Ta is 99.93%. If this purification is enough for some applications, these process parameters can be chosen as optimal conditions according to the additional criteria. In addition, these regime conditions (regime 1, Table  8 ) are also optimal taking into consideration the criterion concerning minimal liquid pool depth (hmelt), which is connected with obtaining dendrite structure without defects after electron beam melting. 
Conclusions
Experimental and theoretical investigations concerning the technological process parameters of the EBMR of tantalum, aiming at improving the quality of the obtained ingots, are presented in this paper. Experiments for Ta e-beam melting from waste products for different thermal treatment conditions (beam power and heating time) are performed and the obtained results are discussed. It is shown that, depending on the thermodynamic limits for the conduction of the refining process for impurities, such as W, Mn, Nb, Cr, Ce, K, Na, the limiting process is the evaporation from the molten metal/vacuum reaction interface while, for impurities such as Al, Mo, Fe, As, the mass transfer from the molten volume to the reaction interface limits their removal. Appropriate technological schemes for refining and for obtaining the refractory metal Ta with high purity are shown. For the performed experiments the best purification for Ta (99.96) is obtained with the short-term influence of the higher power electron beam on the treated material (heating time 3 min and 21.6 kW power). Modeling concerning the dependences of the investigated characteristics (molten pool parameters, material losses) on the process parameters (beam power, refining time) is conducted, applying a statistical approach based on experimentally-obtained data. Multi-criterion optimizations, concerning fulfilling, simultaneously, requirements for several characteristics of the liquid pool connected to the refining efficiency (molten volume, pool height, area of the interface liquid pool/vacuum), and material losses from the e-beam melting and refining of Ta are performed. Pareto-optimal compromise solutions depending on requirements concerning the quality and purity of the produced metal are found. The results show that, for the investigated regimes, the estimated models and relations can be utilized for improvement of EBMR in different ways by specifying 
Experimental and theoretical investigations concerning the technological process parameters of the EBMR of tantalum, aiming at improving the quality of the obtained ingots, are presented in this paper. Experiments for Ta e-beam melting from waste products for different thermal treatment conditions (beam power and heating time) are performed and the obtained results are discussed. It is shown that, depending on the thermodynamic limits for the conduction of the refining process for impurities, such as W, Mn, Nb, Cr, Ce, K, Na, the limiting process is the evaporation from the molten metal/vacuum reaction interface while, for impurities such as Al, Mo, Fe, As, the mass transfer from the molten volume to the reaction interface limits their removal. Appropriate technological schemes for refining and for obtaining the refractory metal Ta with high purity are shown. For the performed experiments the best purification for Ta (99.96) is obtained with the short-term influence of the higher power electron beam on the treated material (heating time 3 min and 21.6 kW power). Modeling concerning the dependences of the investigated characteristics (molten pool parameters, material losses) on the process parameters (beam power, refining time) is conducted, applying a statistical approach based on experimentally-obtained data. Multi-criterion optimizations, concerning fulfilling, simultaneously, requirements for several characteristics of the liquid pool connected to the refining efficiency (molten volume, pool height, area of the interface liquid pool/vacuum), and material losses from the e-beam melting and refining of Ta are performed. Pareto-optimal compromise solutions depending on requirements concerning the quality and purity of the produced metal are found. The results show that, for the investigated regimes, the estimated models and relations can be utilized for improvement of EBMR in different ways by specifying characteristic requirements that support the process of the refining of tantalum. The accumulated data, the obtained results, and the statistical optimization approach allow us to formulate requirements for the process parameters.
